Titanium (Ti) is one of the representative biocompatible metallic materials which has been widely exploited for various implants and bone replacements. Here, commercially pure Ti (CP Ti) was surfacemodified with reduced graphene oxide (RGO) for accelerated bone regeneration and osseointegration. Nanoscale RGO coating on CP Ti was clearly confirmed by SEM, AFM, EDS, XPS, HR-TEM and EELS. In addition, pre-osteoblast cells cultured on RGO-CP Ti showed higher cell viability and cell attachment than those on CP Ti. After confirmation of the drug loading capability of RGO-CP Ti, osteogenic dexamethasone loaded RGO-CP Ti (Dex/RGO-CP Ti) was implanted on calvarial bone defects in rats. Synchrotron X-ray imaging successfully visualized more effective bone regeneration on Dex/ RGO-CP Ti than CP Ti and RGO-CP Ti after 8 weeks.
Nanoscale graphene coating on commercially pure titanium for accelerated bone regeneration † Titanium (Ti) has been widely used for the applications to hard tissue engineering due to its excellent biocompatibility, mechanical properties, and resistance to corrosion. 1,2 Aer implantation, rapid and effective osseointegration at the interface of the Ti implant and bone tissue is one of the most important issues for successful clinical applications. 3 The degree of osseointegration and prognosis is highly dependent on the surface properties of implant materials. 4 In general, roughening of implant surface by machining or acid treatment provided increased surface area for the effective cellular attachment. 5 In addition, bioactive hydroxyapatite coated 6 or biopolymer functionalized Ti surfaces 7 were extensively investigated for bone implant applications. The bioactive surfaces enhanced cell viability, anti-bacterial activity, osseointegration, and bone regeneration. [8] [9] [10] However, there have been several reports on the detachment of hydroxyapatite from the Ti surface.
11 In addition, the biopolymer functionalization is timeconsuming and laborious for further applications.
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Graphene is a 2D carbon material which has a sp 2 bonded honeycomb carbon structure. Graphene exhibits excellent electrical, physical, and optical properties, 13 making possible the applications to exible and transparent electrical devices. Recently, graphene has been widely investigated for biomedical applications such as drug delivery systems, 14 biosensors, 15 and regenerative therapies. Especially, it is reported that graphene can improve the biocompatibility and promote the stem cell differentiation on the graphene surface for osteogensis, 16 neurogenesis, 17 and myogenesis. 18 Non-covalent interaction of RGO with proteins, growth factors, and differentiation inducers via p-p stacking, electrostatic, and hydrogen bonding can facilitate the stem cell differentiation, providing a facile preconcentration platform for cells. 16 We previously reported facilitated differentiation of preosteoblasts on reduced graphene oxide (RGO) coated multipass caliber rolled Ti13Nb13Zr (MPCR-TNZ) alloy. 19 The drug loaded RGO coating on Ti surface provided progenitor cell stimulating microenvironment for rapid osseointegration. Osteogenic drug loaded RGO induced long-term cell stimulation by the high local concentration of osteogenic inducers on RGO surface. The drug loaded RGO enhanced the transcription of osteogenic markers such as Runt-related transcription factor 2, osteopontin, collagen type 1, and osteocalcin. 19 Here, we prepared commercially pure Ti (CP Ti) surface-modied with drug loaded RGO and characterized it by scanning electron microscopy (SEM), atomic force microscopy (AFM), energy dispersive spectrometry (EDS), X-ray photoelectron spectroscopy (XPS), high resolution TEM (HRTEM), and electron energy loss spectroscopy (EELS). Aer in vitro tests for cell viability, cellular attachment, and drug loading capability, in vivo bone regeneration on drug loaded RGO-CP Ti, RGO-CP Ti, and CP Ti were assessed in calvarial bone defect model rats. Detailed experimental methods are available in ESI. † Fig. 1a shows a schematic illustration for the preparation of RGO-CP Ti. Mirror polished CP Ti was immersed in piranha solution for 1 h to introduce oxide layer on the surface of CP Ti. The oxidized CP Ti was immersed in 2% (3-aminopropyl)triethoxysilane (APTES) ethanol solution to prepare positively charged amine group on the surface. Then, negatively charged GO solution (pH 3) at a concentration of 4 mg mL À1 was poured on the APTES functionalized CP Ti for 5 min, and spin coated at 100 rpm for 2 s and at 2000 rpm for 30 s. Because APTES is positively charged below neutral pH and GO shows a negative charge at pH 3-9, 20 GO can be electrostatically bound to APTES-Ti. GO was evenly coated on APTES-Ti via electrostatic interaction. Finally, RGO-CP Ti was obtained by the chemical reduction of GO-coated CP Ti under hydrazine vapour exposure at 40
C for 24 h. SEM images in Fig. 1b show the surface morphology of CP Ti and RGO-CP Ti. Bare CP Ti shows a at and no signicantly rough surface in both SEM and AFM images. Aer oxidization, the morphology in micro-scale showed porelike structures and the surface roughness increased signi-cantly due to the etching effect of piranha solution (Fig. S1 †) . Aer RGO coating, etched holes were covered with RGO layers, but the surface morphology remained similar with that of oxidized CP Ti (Fig. 1b) . Nanoscale morphology of the RGO-CP Ti was also analyzed by AFM (Fig. 1c) . Compared to CP Ti, RGO-CP Ti showed the typical graphene sheet like structures stacked as multi-RGO layers on the surface. The cross-sectional AFM image of RGO sheets stacked on CP Ti surface showed a height in the range of 1-4 nm (Fig. S2 †) . The surface oxidization state of CP Ti, oxidized CP Ti, and APTES functionalized CP Ti was analyzed by EDS. As shown in Fig. 2a , CP Ti showed 3.66% oxygen content on the surface, which corresponded to titanium oxide layer on the outermost surface. Aer oxidization of CP Ti surface with a piranha solution, the oxygen content increased to 6.70% (Fig. 2b) . The APTES functionalization increased the oxygen content to 13.02% and introduced 0.24% of Si on the surface (Fig. 2c) . However, nitrogen peak (Ka ¼ 0.392) was not distinguished from Ti peak (La ¼ 0.452) due to its low content compared to Ti and similar characteristic X-ray peak position. Aer electrostatic adhesion of GO on APTES functionalized CP Ti, carbon chemical state was analyzed by XPS. GO coated CP Ti showed typical (Fig. 2d) . Aer chemical reduction of GO coated CP Ti (GO-CP Ti), XPS spectrum showed the reduced oxidized carbon states conrming the successful RGO coating on CP Ti surface (Fig. 2e) . Contact angle measurement of RGO-CP Ti and CP Ti was conducted for the analysis of surface hydrophilicity. CP Ti surface showed contact angle of 44. 2 , whereas RGO-CP Ti showed 78.4 . RGO coating resulted in hydrophobic surface due to the reduction of surface oxides (Fig. S3 †) .
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HRTEM and EELS mapping of RGO-CP Ti were performed aer sample preparation using a focused ion beam (FIB) by the conventional li-off technique. The interface was composed of three layers including carbon-rich layer, Ti-oxide middle layer, and Ti matrix inner layer (Fig. 3a) . Although Ti oxide layer was formed roughly, the interface between the carbon-rich outer layer and Ti-oxide layer were at. EELS mapping clearly showed Ti (blue), oxygen (green) and carbon (red) layers on the image (Fig. 3b) . Ti mapping shows a strong Ti signal at the bottom, but a relatively weak signal in the middle part corresponding to Ti oxide (Fig. 3c) . Oxygen mapping shows a high oxygen content in Ti oxide region, but a low content of oxygen in RGO layer corresponding to the remaining oxide in RGO. The carbon-rich outer layer was formed by RGO coating with a uniform thickness of 10 nm, which might result from the stacking of graphene multi-layers during the coating process. From the results, we could estimate that about 10 layers of RGO were stacked on CP Ti, considering ca. 1 nm thickness of the single RGO layer. The low carbon signal from Pt-C protecting layer could be distinguished from that of graphene multi-layers.
The drug loading capability of RGO-CP Ti was assessed using osteogenic chemical drugs such as dexamethasone (DEX) and ascorbic acid (AA). Also, protein adsorption was assessed using bovine serum albumin (BSA). DEX or AA at a concentration of 100 mg mL À1 was loaded on RGO-CP Ti surface for 1 h and the supernatant was harvested for drug loading content analysis. As shown in Fig. 4a, 5 .74% of Dex and 3.10% of AA was loaded on the RGO-CP Ti surface. Because DEX and AA have p electrons on the structure, they can be loaded on the graphitic domain of RGO surface through p-p stacking. 20 BSA at a concentration of 1 mg mL À1 was loaded on the RGO-CP Ti for 1 h and the protein concentration in the supernatant was analyzed by UV-vis spectroscopy. Aer 1 h, 25% of the protein could be loaded on the RGO-CP Ti. Each test was conducted with 4 samples measuring at least 5 times. The viability of pre-osteoblast MC3T3-E1 cells on CP Ti and RGO-CP Ti was assessed by MTT assay aer culture for 3 days. Cells on RGO-CP Ti showed higher cell viability than those on CP Ti (Fig. 4b) . It is generally considered that hydrophilic surface provides biocompatible environment compared to hydrophobic surface. However, in the case of RGO, it was reported that rapid absorption of serum protein on RGO made biocompatible and hydrophilic environment for cell adhesion and proliferation. 19 As shown in uorescence image of F-actin stained cells, cells on RGO-CP Ti showed well spreaded and attached morphology compared with those on CP Ti aer 3 days ( Fig. 4c and d) . Cell adhesion area was determined by measuring the region of F-actin uorescence and averaged per one cell using image J soware aer adjustment of image scale (Fig. 4e) .
On the basis of our previous investigation on facilitated preosteoblast differentiation on drug loaded RGO-CP Ti in vitro, we carried out in vivo osseointegration test aer implantation of RGO-CP Ti onto the calvarial bone defect of Sprague Dawley (SD) rats. Bone tissue regenerated on the surface was visualized by synchrotron X-ray imaging. CP Ti as a control, RGO-CP Ti, and Dex/RGO-CP Ti were inserted in the calvarial bone defect of SD rats and then sutured for the bone regeneration assessment. Aer 8 weeks, the calvarial tissues were harvested and xed in 10% formaldehyde solution at 4 C for a day. As shown in Fig. 5 , bone regeneration initiated from the edge of the inserted titanium surface. The critical bone defect size of rat calvaria is generally regarded as 8 mm in the bone regeneration study.
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The le column indicates le edges and the middle column indicates the central parts of regenerated bones on the implants. CP Ti resulted in no signicant bone regeneration from the edge to the center of the surface. In the case of RGO-CP Ti, thick bone was observed at the edge, but incomplete bone regeneration at the center of the surface. However, in the case of Dex/RGO-CP Ti, signicant bone regeneration and compact osseointegration of regenerated bone was observed in the entire region from the edge to the center of the implant surface. Histological analysis was performed for bones regenerated on CP Ti, RGO-CP Ti, and Dex/RGO-CP Ti using hematoxylin and eosin (H&E), and collagen staining kits. CP-Ti showed no signicant bone regeneration between the edge of the carvarial bone defect (Fig. 6a) . RGO-CP Ti showed non-matured and relatively thin regenerated bone tissue on the surface (Fig. 6b) . In the case of Dex/RGO-CP Ti, however, uniform bone regeneration was clearly observed from the edge to the center of the calvaria. Also, osteocytes in the bone matrix was observed on the regenerated bone tissues (Fig. 6c and d) . Collagen staining showed that a signicant amount of collagen type I (yellow) was formed in bone tissues regenerated on Dex/RGO-CP Ti. It is the main component of bone matrix.
Regenerated bone area was calculated using image J program aer adjustment of the scale. Photoimages clearly showed more efficient and matured bone tissue regeneration on Dex/RGO-CP Ti than those on RGO-CP Ti and CP Ti (Fig. S4 †) . The regenerated bone area was calculated based on 8 mm diameter of the initial bone defect. Regenerated bone area was 45.65% for CP Ti, 68.72% for RGO-CP Ti, and 93.38% for Dex/RGO-CP Ti (Fig. 6e) . All these data successfully conrmed that RGO-CP Ti worked as an effective drug carrier and drug loaded RGO-CP Ti greatly promoted the bone regeneration and osseointegration aer in vivo implantation to SD rats.
The rapid osseointegration on the implant surface can be greatly benecial to patients by reducing the period of therapy. Obviously, graphene materials have several advantages for the bone regeneration therapy. Graphene can be used for facile high amount drug loading via p-p stacking and hydrophobic interaction.
16 Also, we previously reported stable drug loading and long-term Dex release from the RGO surface for a week.
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Because bone regeneration therapy requires several weeks for osseointegration, long term drug release from the implant surface would be greatly benecial for cell stimulation to enhance bone regeneration. 19 Furthermore, it was reported that graphene based materials such as GO and RGO show antibacterial activity, posing membrane stress and oxidative stress onto bacterial cells. 22, 23 Taken together, we could conrm the feasibility of graphene coated Ti implant materials for the applications to effective bone regeneration.
Conclusions
The surface-modication of CP Ti was successfully performed using drug loaded RGO for accelerated bone tissue regeneration. HRTEM and EELS mapping clearly visualized the interface of three layers including carbon-rich outer layer, Ti-oxide middle layer, and Ti matrix inner layer. Due to drug loading capability of graphene surface, osteogenic inducers could be loaded on the graphitic domain of the RGO-CP Ti. Aer in vitro tests, we could conrm the effective bone regeneration and the osseointegration on Dex loaded RGO-CP Ti in the calvarial bone defect of SD rats by synchrotron X-ray imaging and histological analysis with H&E and collagen staining. The facile surface modication of Ti implant with drug loaded graphene can be exploited for various bone tissue engineering applications.
